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The exploration of topological phases in carbon allotropes offers a fascinating avenue to realize
topological devices based on carbon materials. Here, using first-principles calculations, we propose
a novel metastable carbon allotrope, which possesses exotically helical carbon chains bridged by
quadrangle-rings. This unique structure with sp2-sp3 bonding networks crystallizes in a noncen-
trosymmetric face-centered orthogonal (fco) lattice with six atoms in a unit cell, thus named fco-C6.
The considerable stability of fco-C6 is confirmed by phonon spectra, elastic constants, and ab initio
molecular dynamics simulations. More importantly, fco-C6 exhibits extraordinary electronic prop-
erties with the minimum number of Weyl points in a time-reversal preserved Weyl system. The
symmetry arguments reveal that the Weyl points are guaranteed to lie along the high-symmetry
pathes and thus well separated in momentum space, exhibiting the robustness of topologically pro-
tected features. We investigate the topological surface states of fco-C6 projected on a semi-infinite
(010) surface. There are only nontrivial Fermi arcs across the Fermi surface, which facilitates their
measurements in experiments and further applications in carbon allotropes.
Carbon, one of most versatile elements in the universe,
is in favor of forming a rich variety of allotropes. Car-
bon allotropes possess attractive properties, which are
determined by the bonding characters in specific crys-
tal structures. Due to the 2s22p2 valence electrons, most
stable carbon phases usually host dominating sp2, sp3, or
sp2-sp3 hybridized bonding characters, such as graphite,
diamond, carbon nanotubes [1], fullerenes[2], graphene
[3], and other promising phases [4–8]. For various car-
bon allotropes discovered so far, graphene is of particular
importance. The discovery of graphene has attracted in-
tensive topics on two-dimensional (2D) materials. More
importantly, graphene significantly promotes the devel-
opment in fields of topological quantum states [9]. It
is well-known that graphene exhibits the unique topo-
logical features with massless Dirac fermions [10]. Due
to the extremely weak spin-orbital coupling (SOC) ef-
fect, graphene is considered as the prototype of topolog-
ical semimetals (TSMs). Over the past decade, various
TSMs, such as Dirac semimetals [11–13], Weyl semimet-
als (WSMs) [14–20], and nodal-line semimetals (NLSM)
[21–23] as well as beyond [24–29], have been the subject
of intense studies. In these semimetallic phases, topolog-
ically protected band crossings near the Fermi level give
rise to nontrivial fermionic quasiparticles.
Early study of TSMs usually focused on materials in-
cluding heavy atoms [13, 14, 30, 31], in which the SOC
effect plays important roles on the formation of nontrivial
band topology in electronic structures. In fact, alterna-
tively, the investigation of topological fermions in mate-
rials involving light elements, such as carbon allotropes,
is of equal importance. Since the SOC effect in carbon
can be negligible, a carbon allotrope can be considered as
a spinless system with spin-rotational symmetry. In this
case, the time-reversal (T ) symmetry satisfies T 2 = 1
instead of T 2 = −1 for a spinful system. Therefore,
the carbon allotrope may provide a promising platform
to investigate the interplay of nontrivial fermions with
crystalline symmetries. Motivated by this exciting av-
enue, the exploration of TSM phases in carbon allotropes
have intensively been performed. As expected, topologi-
cal fermions were predicted in several three-dimensional
(3D) carbon phases [32–37]. While advancements have
been very encouraging, the TSM phases predicted to date
in carbon allotropes have been limited to NLSMs. The
other topological phases, especially for WSMs, have been
rarely reported in carbon allotropes, even though there
was a work referred to Weyl fermions in a nanostruc-
tured carbon phases by manually breaking the inversion
(I) symmetry [38]. As the Weyl points (WPs) possess
specific chiral charge (i.e., Chern numbers), acting as
monopoles in momentum space, WSMs are of particular
interest. Therefore, one would like to explore ideal Weyl
fermions in pristine carbon allotropes, which can further
accumulate the topological quantum states of mater in
carbon-based materials.
In this paper, using first-principles calculations, we
propose an novel carbon allotrope that possesses topo-
logically protected WSM features. This carbon phase
hosts exotically helical carbon chains with quadrangle-
rings, exhibiting sp2-sp3 hybridized bonding characters.
It crystallizes in a noncentrosymmetric face-centered or-
thogonal (fco) structure with a space group F222 (No.
22), exhibiting the considerable stability. Furthermore,
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2Figure 1: Crystal structure and Brillouin zone (BZ) of fco-C6. (a) Perspective view of three-dimensional structure. The solid
lines depict the conventional unit cell. (b) A helical carbon chain with quadrangle-rings is denoted by the blue dashed-box
in (a). (c) The side view of conventional unit cell with the D72 space group symmetry (No. 22, F222). The non-equivalent
carbon-carbon bond lengths (d1, d2, d3, d4) and different angles (θ1, θ2, θ3, θ4, θ5) are also denoted. (d) The fco BZ and the
corresponding (010) surface BZ.
this carbon allotropic WSM phase only contains two pairs
of WPs, i.e., the minimum number of WPs in nonmag-
netic WSMs. Due to the extremely weak SOC strength
in fco-C6, our symmetry and effective model analysis re-
veal that the WPs are located at high-symmetry pathes
of Briblouin zone (BZ).
To depict the structural and electronic properties, we
carried out first-principles calculations as implemented
in Vienna ab initio simulation package [39] within the
framework of density-functional theory [40] (see details
in the Supplemental Material [41]). The structure of
fco-C6 is shown in Fig. 1(a). Each carbon atom is
surrounded by three neighbors. Due to the non-planar
geometries, there are only closed four-membered rings,
which are linked by two carbon atoms and helically ar-
range along the y direction, forming exotic chiral carbon
chains with quadrangle-rings [see Fig. 1(b)]. Hence, the
structure of fco-C6 can be viewed as formed by linking
these chains and stacking along the x direction, exhibit-
ing an unique helical geometry with a sp2-sp3 hybridized
carbon network structure. This structure belongs to the
D72 space group symmetry (No. 22, F222), which lacks
the I-symmetry. As illustrated in Fig. 1(c), the opti-
mized lattice constants of fco-C6 are a = 8.835, b = 6.816,
and c = 3.351 A˚. The six carbon atoms in one unit prim-
itive cell of fco-C6 occupy two types of Wyckoff positions
as 16k (-0.39509, 0.58055, 0.05132) and 8i (-0.25 0.83437,
0.25). There are four non-equivalent carbon-carbon bond
lengths and five different angles of fco-C6, which are il-
lustrated in Fig. 1. In addition, we also plot the bulk fco
BZ and the corresponding (010) surface BZ in Fig. 1(d),
in which high-symmetry points are marked.
The calculated cohesive energy Ecoh of fco-C6 is 7.20
eV/C. It is slightly less than those of graphite and dia-
mond, but is larger than that of T-carbon (6.67 eV/C)
[7]. The more information of comparison with other syn-
thesized carbon phases are provided in Tab. S1 the Sup-
plemental Material [41] confirming its energetic stabil-
ity. To demonstrate the mechanical stability of fco-C6,
we calculate the elastic constants. The corresponding
calculated results of independent elastic constants C11,
C12, C13, C22, C23, C33, C44, C55, and C66 are 661.15,
154.05, 218.93, 128.09, 80.83, 679.62, 139.19, 41.24, and
145.31 GPa, respectively. These values satisfy the Born
mechanical stability for the orthogonal crystal [42], i.e.,
C11 > 0; C11C22 > C
2
12; C11C22C33 + 2C12C13C23 -
C11C
2
23 - C22C
2
13 - C33C
2
12 > 0; C44 > 0; C55 > 0 and
C66 > 0, confirming the mechanical stability of fco-C6.
The calculated Ecoh and elastic constants indicate that
the structure of fco-C6 is very difficult to destroy once
it is formed. The dynamical stability of fco-C6 can be
reflected by the phonon spectra. As shown in Fig. 2(a),
there is the absence of the imaginary frequency in the
whole BZ. To further investigate the thermodynamical
stability of fco-C6, the ab initio molecular dynamics sim-
ulation was carried out with a 3 × 3 × 3 supercell. The
structural phase transition did not occur after a relax-
ation for 5 ps at T = 300 K. Therefore, fco-C6 is an
exceptional stable carbon allotrope and may be synthe-
sized in experiments.
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Figure 2: (a) The phonon spectra of fco-C6. (b) XRD patterns
for diamond, graphite and fco-C6.
The X-ray diffraction (XRD) spectra usually provide
reliable information for experimental observations. The
simulated XRD spectra of fco-C6 are presented in Fig.
2(b). The graphite and diamond are also supported for
comparison. Different from the graphite with the strong
peaks of (002) surface at 2θ = 22.33◦, there are two strong
peaks of (002) surface at 20.08◦ and (111) at 31.40◦ in
fco-C6. Obviously, it can be seen from the XRD spec-
tra that the 2θ of (002) surface in fco-C6 is very close to
graphite. This may be because the structure of fco-C6 is
similar to that of graphite in the Z direction [Fig. 1(c)].
The 2θ of other weaken peaks are at 26.14◦ of (200) sur-
face, 33.17◦ of (202) furface and 40.82◦ of (004) surface.
These characters may be useful to identify the fco-C6 in
experiments.
In the following, we focus on the electronic proper-
ties of fco-C6. The band structures along high-symmetry
pathes of the fco BZ are shown in Fig. 3(a). The bands
show that there are two nodal points in the Z-A and Γ-
X directions, which correspond to the appearance of two
bands inverted at the Z and Γ points, respectively. The
two nodal points are respectively at ∼6 meV above and
∼7 meV below the Fermi level, indicating that fco-C6
is an ideal semimetal. In Fig. 3(b), the partial den-
sity of states reveal that the states of px orbitals near
the Fermi level are much larger than those of other or-
bitals. However, the contributions of py and pz orbitals
are also visible, confirming sp2-sp3 hybridization of the
non-planer carbon network in fco-C6. Besides, we also
perform the HSE06 calculation, which is often consid-
ered as more accurate than the PBE functional, to check
Figure 3: (a) The calculated band structure of fco-C6 along
high-symmetry pathes of fco BZ. The insets show the evo-
lution of Wannier charge centers around the WPs W1 and
W2, respectively. (b) The partial density of states. (c) En-
larged views around the WP W1 along A-Z; (d) Enlarged
views around the WP W2 along X-Γ. Two crossing bands are
represented by opposite eigenvalues ±1 of the little group C2x
the semimetallic feature of fco-C6. The comparison be-
tween HSE06 and PBE functionals is depicted in Fig.
S1 in the Supplemental Material [41]. The results show
that HSE06 functional only slightly shift the band profile,
maintaining robust band crossing features.
To further describe the band topology depending on
the crystal symmetry, we plot the enlarged views around
the nodal points as shown in the Figs. 3(c) and 3(d),
respectively. The crossing bands with linear dispersion
along Z-A (or Γ-X) are with respect to the twofold ro-
tational symmetry C2 at the kx = 0 (or kx = pi/c) plane.
Two crossing bands are represented by opposite eigenval-
ues ±1 of the little group C2. Due to the absence of the
I-symmetry in fco-C6, the nodal points are the WPs with
specific chirality. To determine the chirality of WPs, the
Wilson-loop method is employed [43, 44]. As shown in
the insets of Fig. 3(a), the evolution of Wannier charge
centers shows that the WP (i.e., W1) along Z-A possesses
the chirality C = −1 and the WP (i.e., W2) along Γ-X
possesses the chirality C = +1. Through carefully screen-
ing energy differences between the lowest conduction and
highest valence bands, we find that there are totally four
WPs over the entire BZ: two are respectively along Z-
A and Γ-X, and the other two are symmetric with re-
4spect to the Γ point accompanied by the T -symmetry.
As shown in Fig. 1(a), the positions of WPs with C = −1
are at (±kx1 , 0, pi/c) and with C = +1 are at (±kx2 , 0, 0),
where kx1 = 0.22 A˚
−1 and kx2 = 0.16 A˚
−1. The oppo-
site WPs respectively located in the kx = 0 and kx = pi/c
planes are well separated in momentum space, showing
the robustness WSM features in fco-C6.
Next, we show by symmetry and effective model analy-
sis to understand the symmetry-guaranteed ideal WPs in
fco-C6. The noncentrosymmetric space F222 lacks the I-
symmetry and contains three twofold rotational symme-
tries C2i with the rotational axis along i direction (i = x,
y, or z). Generally, we can use a two-band k · p model
to describe the two crossing bands, and the 2× 2 Hamil-
tonian is
H(k) = fx(k)σx + fy(k)σy + fz(k)σz, (1)
where the wavevector k =(kx, ky, kz) is referenced to the
band inversion points (i. e., Γ or Z points), fx,y,z(k) are
real functions, and σx,y,z are the Pauli matrices. In Eq.
(1), we ignore the the kinetic term, which is proportional
to the identity matrix, as it is irrelevant to the band
crossing points. Since the WPs are present in the kz =
0 or kz = pi/c plane, here we consider the C2z and T
symmetries. The product C2zT denotes a anti-unitary
mirror symmetry M˜z, which constrains Eq. (1) as
H(M˜zk) = M˜zH(k)M˜−1z , (2)
where M˜zk = (kx, ky,−kz). For a spinless system (as
SOC effect is negligible for carbon), T 2 = 1 indicates that
the T -operator can be represented as T = K, where K
is a complex conjugate operator. Based on the two basis
states of C2 operator, the anti-unitary mirror operator
M˜z can be expressed as σzK. In this case, Eqs. (1) and
(2) give
fx(kx, ky, kz) = −fx(kx, ky,−kz),
fy,z(kx, ky, kz) = fy,z(kx, ky,−kz).
(3)
Due to fx,y,z(k) constrained by the periodic condi-
tion, Eq. (3) requires kz = npi/c (n ∈ Z) and
fx(kx, ky, npi/c) ≡ 0. This implies that the crossing
points can appear at the kz = 0 or kz = pi/c plane. In the
kz = 0 plane, the C2x commutes with the Hamiltonian
H(kx, ky, 0) as
H(kx,−ky, 0) = C2xH(kx, ky, 0)C−12x . (4)
With the basis of C2 rotational eigenvalues, C2x is rep-
resented as σz and we have
fy(kx, ky, 0) = −fy(kx,−ky, 0),
fz(kx, ky, 0) = fz(kx,−ky, 0).
(5)
For WPs along Γ-X (i.e., the kx axis), ky ≡ 0 and
Eq. (5) require fy(kx, 0, 0) ≡ 0. The Hamiltonian
Figure 4: Surface states projected on a semi-infinite (010)
surface of fco-C6. (a) The calculated LDOS. The inset shows
the enlarged view of the WP along Γ-X. (b) The projected
Fermi surface. Two Fermi arcs terminated at the projections
of WPs with opposite chirality are clearly visible. The orange
and black dots represent the projections of WPs with C = +1
and C = −1, respectively.
H(k) = fz(kx, 0, 0)σz can give zero energy modes, and
then two WPs located at (±kx2 , 0, 0) are present. By a
similar analysis, C2x in the boundary of kz = pi/c can
also lead to two WPs located at (±kx1 , 0, pi/c). As a
result, there are two pairs of WPs protected by the co-
existence of the T and C2 symmetries in the whole BZ,
i.e., a minimum number of WPs in a nonmagnetic Weyl
system with the T -symmetry. The WPs with opposite
chirality are respectively distributed in the kz = 0 and
kz = pi/c planes, and thus guaranteed to be well sepa-
rated in momentum space.
The symmetry-guaranteed WPs in fco-C6 can pos-
sess the unique nontrivial surface states. To proceed
this, we constructed a tight-binding (TB) Hamiltonian,
which was obtained by projecting from the Bloch states
into maximally localized Wannier functions in the WAN-
NIER90 package [45, 46]. Then, the local density of
states (LDOS) and Fermi arcs using the iterative Green’s
function method [47] [43]. Because of all WPs located at
the kx−kz plane in momentum space, here we investigate
the surface states projected on the semi-infinite (010) sur-
face. In this case, the WPs W1 along Z-A and W2 along
Γ-X are respectively projected to Z˜-A˜ and Γ˜-X˜ of the
(010) surface BZ [see Fig. 1(d)]. The calculated LDOS
are plotted in Fig. 4(a). It is found the projections of
Dirac cones are clearly visible. The chiral surface states
5connect the valance and conduction bands, terminated
at the projected Dirac cones. The projected Fermi sur-
face of a semi-infinite (010) surface is shown Fig. 4(b).
There are two Fermi arcs terminated at the projections
of WPs with opposite chirality, corresponding to the two
pairs of WPs. Due to the WPs very closed to the Fermi
level, we can see that there are nearly only the nontriv-
ial Fermi arcs across the Fermi surface. The trivial bulk
states on the (010) surface of fco-C6 are absent, which
greatly facilitates the observation in experiments.
In summary, using first-principles calculations and
symmetry arguments, we show a novel carbon allotrope
fco-C6 that possesses topologically protected ideal WSM
features. This carbon phase with exotically helical car-
bon chains with quadrangle rings crystallizes a noncen-
trosymmetric fco structure, exhibiting the sp2-sp3 hy-
bridized bonding network. The stability analysis shows
that fco-C6 is an exceptional stable carbon allotrope and
prefers to be synthesized in experiments. Importantly,
the unique structure and bonding characters of fco-C6
leads to fascinating electronic properties with the mini-
mum number of T -preserved WPs. Due to the extremely
weak SOC strength of carbon, the WPs are protected to
at high-symmetry pathes of fco BZ by the coexistence of
the T and C2 symmetries. The symmetry-protected WPs
are very closed to the Fermi level, leading to nearly ideal
nontrivial Fermi arc states. Our finding not only pro-
vides a promising platform for experimentally observing
ideal Weyl fermions, but also stimulate further topologi-
cal applications in carbon-based materials.
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